Review article
␤-thalassemia: a model for elucidating the dynamic regulation of ineffective erythropoiesis and iron metabolism Yelena Ginzburg 1 and Stefano Rivella 2 1 New York Blood Center, New York, NY; and 2 Pediatric Hematology-Oncology, Weill Medical College of Cornell University, New York, NY ␤-thalassemia is a disease characterized by anemia and is associated with ineffective erythropoiesis and iron dysregulation resulting in iron overload. The peptide hormone hepcidin regulates iron metabolism, and insufficient hepcidin synthesis is responsible for iron overload in minimally transfused patients with this disease. Understanding the crosstalk between erythropoiesis and iron metabolism is an area of active investigation in which patients with and models of ␤-thalassemia have provided significant insight. The dependence of erythropoiesis on iron presupposes that iron demand for hemoglobin synthesis is involved in the regulation of iron metabolism. Major advances have been made in understanding iron availability for erythropoiesis and its dysregulation in ␤-thalassemia. In this review, we describe the clinical characteristics and current therapeutic standard in ␤-thalassemia, explore the definition of ineffective
Introduction
Erythroid cells are highly dependent on iron for survival. In light of this dependence, mutual regulation of erythropoiesis and iron metabolism has been proposed. However, how iron demand for erythropoiesis is communicated to the iron regulatory machinery is incompletely understood. In the past few decades, significant progress has been made to advance our understanding of iron metabolism and its regulation. Furthermore, several diseases, ␤-thalassemia in particular, have provided glimpses of the crosstalk between iron regulation and erythropoiesis. By exploring ineffective erythropoiesis (IE) and its associated dysfunctional iron regulation, this disease may lay the foundation for more completely understanding, diagnosing, and treating patients with different forms of ␤-thalassemia as well as other anemias or iron overloadrelated disorders. In this review, we focus on the current state of knowledge on the regulation of iron metabolism and attempt to elucidate the interface between iron regulation and erythropoiesis with the use of evidence in part derived from animal models of ␤-thalassemia; despite being all nonhuman models of disease, their utility as in vivo tools for experimentation is worthy of note. We discuss potential ways in which this new knowledge can be translated into clinical application for patients with ␤-thalassemia.
␤-thalassemia

Clinical characteristics
␤-thalassemias are caused by mutations in the ␤-globin gene or its promoter, resulting in reduced or absent ␤-globin synthesis. 1 Patients either homozygous or compound heterozygous for mutation in the ␤-globin gene present with a broad range of clinical severity; the disease course can be associated with severe transfusion dependency (␤-thalassemia major; TM) or relatively less severe anemia (␤-thalassemia intermedia, TI). In either clinical syndrome, relative excess of ␣-globin synthesis leads to formation of hemichromes and increased erythroid precursor apoptosis (Figure 1A) , causing IE, extramedullary expansion, and splenomegaly. 2 Together with shortened red blood cell (RBC) survival, these abnormalities result in moderate-to-severe anemia. 2 Persons with TM require regular RBC transfusions to maintain adequate oxygen delivery to the tissues. Both transfusional iron loading and increased intestinal iron absorption 3 contribute to iron overload that, if left untreated, accounts for most of the morbidity and mortality in this disease. Increased iron absorption leads to total saturation of Tf and appearance of non-transferrin bound iron that accumulates, causing parenchymal damage in several different tissues, 4 particularly the heart and endocrine organs.
Patients with TI are usually transfusion independent with a clinical course intermediate in severity between TM and asymptomatic heterozygotes (Figure 2A ). Coinherited genetic traits that influence the balance of ␣/␤ globin synthesis (eg, persistent production of Hb F and coinheritance of ␣-thalassemia) may ameliorate or exacerbate disease severity in ␤-thalassemia, resulting in some phenotypic variation. Children with TM usually have the disease diagnosed in infancy when they begin regular transfusions, and they require life-long chelation therapy, typically from the age of 4 years, to counteract the ill effects of consequent iron overload. Patients with TI may maintain Hb concentrations between 6 and 9 g/dL and may be asymptomatic or have manifestations of a hyperhemolytic phenotype with marked EMH, resulting in hepatosplenomegaly and skeletal abnormalities. Persons in this latter group develop more severe iron overload, and many become transfusion dependent in adulthood. 5 The clinical consequences of iron overload have been extensively described in TM ( Figure 2B ) with cardiac complications accounting for Ͼ 70% of deaths. The treatment of patients with TM has improved life expectancy in recent decades, with the institution of regular transfusion regimens, rigid compliance with iron chelation therapy, and options for multiple modality treatment. 6 Despite this, myocardial disease remains the life-limiting complication of secondary iron overload 7 ( Figure 2B ), almost always resulting from poor compliance with chelation therapy. Iron overload in minimally transfused patients with severe TI usually results from excess iron absorption from the gastrointestinal tract. This slower rate of iron accumulation results in a delay of clinically evident iron overload until the third decade of life.
Because survival and quality of life are better in patients with TI than in patients with TM, 8 regular RBC transfusion in patients with TI is generally thought to add no benefit to patients who grow and thrive between the second and third year of life in their absence. Such persons may only require occasional transfusions when stress results in greater RBC destruction or inadequate RBC production. However, some patients with TI may produce some Hb but only with the expenditure of significantly increased physiologic effort, namely expanded yet ineffective erythropoiesis, resulting in significant bony changes and marked hepatosplenomegaly. In these persons, regular transfusion would result in suppression of endogenous erythropoiesis, with improved growth and development and fewer physical changes. The conundrum is finding markers that help clinicians assess and monitor the efficiency of erythropoiesis in any patient with ␤-thalassemia, allowing for an individualized transfusion regimen.
A complete review of the clinical manifestations of ␤-thalassemia syndromes is beyond the scope of this article and can be found elsewhere. 9
Therapy: standard of care, special situations, and developing alternatives A complete review of currently available therapeutic options is beyond the scope of this article and can be found on the Thalassemia International Federation Web site (http://www. thalassemia.org.cy) and other resources.
Standard therapy for TM: transfusion. Transfusion is the main stay of therapy in ␤-thalassemia, typically initiated in the first 2 years of life in patients with TM. Transfusion in TM corrects anemia, suppresses EMH, inhibits increased intestinal iron absorption, and remains a relatively well-tolerated approach. Transfusions are given on demand when the patient is symptomatic (as is the practice in the developing world where the blood supply is short) or on a chronic transfusion protocol that is designed to maintain a pretransfusion Hb concentration of 9.5-10 g/dL and is typically administered every 2-3 weeks. Chronic or frequent transfusions In ␤-thalassemia, a relative excess of ␣-globin synthesis leads to formation of hemichromes (␣-globin/heme aggregates). Hemichromes are the primary cause of cellular toxicity in ␤-thalassemia because they precipitate and lodge on erythrocyte membranes, altering their structure. Furthermore, excess heme leads to the formation of reactive oxygen species (ROSs), which induce oxidative stress and cellular damage. In turn, this leads to IE by increasing apoptosis of erythroid precursors and reducing the number of erythrocytes produced as well as their survival in circulation. (B) On the basis of our data, we observe that administration of apo-Tf and increased hepcidin expression lead to decreased serum iron concentration and formation of fewer holo-Tf molecules. This reduces iron delivery to erythroid precursors, reducing heme synthesis and formation of hemichromes. In contrast, decreased iron intake limits hemichrome and ROS formation, ameliorating IE by reducing apoptosis, and improving erythrocyte survival in circulation. TfR1 indicates transferrin receptor 1. require chelation to prevent iron overload. Complete reviews on this subject can be found elsewhere. 10, 11 Standard therapy for TI: transfusion. No systematic evaluation of treatment in patients with TI has been presented to date, and there is a lack of clear guidelines and less standardized management of these patients (compared with treatment of TM). There are several reasons for this, primarily the marked patient phenotypic variability and the lack of objective clinical criteria for which to design a treatment regimen. Regular monitoring of EMH and spleen size is of primary importance in the decision of whether a patient requires transfusion because splenomegaly/hypersplenism may be the primary cause of worsening anemia. In such cases, splenectomy reestablishes equilibrium and enables patients with TI to remain transfusion independent. Although stable low Hb concentrations are usually found in patients with TI, situations of stress, such as severe infections or surgery, may result in more severe, often symptomatic, anemia requiring occasional RBC transfusion. Because most patients with TI have not received many transfusions, few require chelation therapy. Although the degree of iron overload is not usually severe, variability in the degree of increased intestinal iron absorption requires monitoring of the iron burden by magnetic resonance imaging (as in TM) to determine which patients require chelation.
Additional therapeutic options in special situations. Splenectomy. Splenomegaly usually develops in patients with ␤-thalassemia as a result of multiple transfusions, iron deposition, and some ineffective EMH (especially in patients with TI and inadequately transfused patients with TM). This usually results in hypersplenism, leading to an increase in transfusion requirement. It is for this indication that patients with TM usually undergo splenectomy by the age of 10 or 12 years. This is also considered in patients with TI to correct progressively worsening anemia before starting regular RBC transfusions. Polyvalent pneumococcal vaccine before splenectomy and rapid assessment and prophylactic antibiotics in asplenic patients with nonspecific febrile illness are strongly recommended. Furthermore, a recent study reported that patients with TI who had undergone splenectomy have a significantly higher rate of complications (eg, pulmonary hypertension, heart failure, thrombosis) relative to patients with TI not having undergone splenectomy. 12, 13 Finally, thrombotic complications were found to occur 4.4 times more frequently in patients with TI who had undergone splenectomy than patients with TM (P Ͻ .001). 14 Taken together, splenectomy is temporarily effective in partially ameliorating anemia or delaying/lowering transfusion need in TI. Although it is preferred relative to other available options, potentially life-threatening complications may alter the risk-to-benefit assessment of splenectomy as a procedure of choice, especially as alternative therapeutic options become available.
Treatments that modulate the production of Hb F. Induction of Hb F synthesis can reduce the inappropriately high ␣/␤ globin ratio and diminish the severity of ␤-thalassemia by reducing IE. Several agents, including 5-azacytidine, decytabine, and butyrate derivatives, have been used in clinical studies with less than encouraging outcomes, although increases in Hb F and total Hb levels were observed in patients with TM and with TI. The mechanisms of action of these agents are not yet defined, and their role in ␤-thalassemia therapy is still being explored in light of its acceptable toxicity profiles adding to their promise as therapeutic agents. Key genes (eg, BCL11 and cMYB) controlling fetal/adult globin switching have been identified and may ultimately serve as direct targets for small molecules that would increase Hb F levels in this patient population. 15, 16 The efficacy of hydroxyurea in TM or TI is unclear, although it is indicated for patients with TI to reduce extramedullary masses and to treat leg ulcers. 17 Novel potential therapeutic alternatives. Ideally, curative treatments for the symptomatic ␤-thalassemia syndromes is the goal of management. Currently, allogeneic stem cell transplantation is the only curative therapy that is available. More than 3000 patients, most with TM, have undergone this procedure, with generally good results. However, the lack of suitable stem cell donors and significant patient organ dysfunction make this modality inappropriate for some patients with ␤-thalassemia. Furthermore, ␤-globin gene transfer with the use of hematopoietic stem cells 18 is in advanced stages of development with clinical trials soon to be under way. Preclinical studies that use lentiviral vector gene transfer in ␤-thalassemic mice [19] [20] [21] show the potential of this technique to cure ␤-thalassemia and other forms of hemoglobinopathy and have led to the first successful treatment of a patient who, 3 years after treatment, is transfusion independent with one-third of myeloid lineage cells expressing vector-encoded ␤-globin. 22 Recently, preclinical evidence of potentially new approaches to treating patients with TI and TM has been reported. The evidence for using Tf, hepcidin agonists, and JAK2 inhibitors is discussed later in this review.
Ineffective erythropoiesis Important players involved in erythropoiesis
Normal erythropoiesis occurs in the BM where erythroid precursors differentiate and enucleate to produce reticulocytes and mature RBCs. Erythropoietin (EPO) is the master regulator of erythroid development and is mainly mediated by hypoxia-inducible factors that bind the EPO promoter at its hypoxia-response element, thus enhancing its transcription. 23 EPO signals through its receptor (EPOR) in immature erythroid cells, and dimerization of EPO-EPOR complex induces phosphorylation and activation of the tyrosine kinase JAK2. 24 In turn, the phosphorylated form of JAK2 activates STAT5, 25 which modifies the expression of genes involved in proliferation, differentiation, and survival of erythroid precursors. 26, 27 Erythropoiesis requires the coordinated biosynthesis of heme and globin chains to produce Hb during the differentiation process. Proteins that control iron intake and heme biosynthesis are reviewed in "Coordination of erythroid iron homeostasis, heme metabolism, and globin synthesis."
Difference between effective and ineffective erythropoiesis
At steady state, the BM maintains a constant number of nucleated erythroid precursors required to produce enough enucleated RBCs to meet oxygen demand in tissues. Blood loss and hemolysis trigger stress erythropoiesis, resulting in increased EPO production, erythroid proliferation, and reticulocytosis to temporarily increase RBC production. In states of IE, erythroid precursors proliferate in greater numbers, but a larger fraction fails to mature (Figure 3 ). Despite the expanded pool of erythroid progenitors, only a limited number of RBCs is produced, many fewer than the same number of erythroid progenitors would generate under normal circumstances.
In ␤-thalassemia, IE is characterized by expansion, limited differentiation, and premature death of erythroid precursors 28 ( Figure 3) , a process probably mediated by factors involved in cell cycle, iron intake, and heme synthesis. 29 Anemia results in increased EPO levels, leading to erythroid expansion in BM, BLOOD, 20 OCTOBER 2011 ⅐ VOLUME 118, NUMBER 16
For personal use only. at COLUMBIA UNIV on July 6, 2012. bloodjournal.hematologylibrary.org From promoting homing and proliferation of erythroid precursors in the spleen and liver, and inducing EMH. The imbalance in the production of ␣-and ␤-globin chains leads to an excess of heme and ␣-globin elements accumulating as hemichromes. These are toxic aggregates that increase oxidative stress and cause cell death. 28, 30 Hemichromes also precipitate on RBC membranes, causing changes in membrane structure, inducing lipid peroxidation, 31 and leading to the exposure of the anionic phospholipids that together result in premature RBC clearance from circulation. 32 
Mouse models of ␤-thalassemia
Compared with humans, mice harbor 2 different ␤-globin genes, named ␤ minor and ␤ major . The first mouse model of TI has been generated by deletion of the ␤ major gene in homozygosity (Hbb th1/th1 ). 33 A second model (Hbb th3/ϩ ) involves deletion of both the ␤ minor and ␤ major genes in heterozygosity. 34, 35 Adult Hbb th1/th1 and Hbb th3/ϩ mice exhibit a degree of disease severity (hepatosplenomegaly, anemia, aberrant erythrocyte morphology) comparable to that of patients with TI.
Available methods for the characterization of IE
Ferrokinetic studies were used to show IE in ␤-thalassemia Ͼ 60 years ago. 36, 37 Injection of 59 Fe into healthy and anemic persons showed that patients with ␤-thalassemia had increased iron absorption, while the output of 59 Fe in circulating RBCs was markedly reduced. Multiple ferrokinetic studies introduced the notion that erythroid cell death was responsible for IE in this disorder. 36 Subsequent reports confirmed increased apoptosis of erythroid progenitors, indicating that ␤-thalassemic erythroid precursors undergo apoptosis at a rate that was 3-4 times normal. 38 Studies in patients with ␤-thalassemia not receiving transfusions show that the rate of iron loading from the gastrointestinal tract is ϳ 3-10 times greater than normal and depends on the severity of the phenotype. 4, 39 Recent studies in mice suggest that more iron than is needed for making Hb is absorbed in ␤-thalassemia and that a large fraction of the iron absorbed is not used for erythropoiesis but is directly stored in the liver. [40] [41] [42] [43] All these observations predict that other factors contribute to IE in ␤-thalassemia. On the basis of this observation, the proliferation and differentiation of purified erythroid cells derived from animals affected by TI (Hbb th3/ϩ ) and TM (Hbb th3/th3 ) were investigated with the use of various modern assays. 28, 43 This analysis shows that cell cycle-promoting genes are up-regulated and that cell differentiation genes are decreased, indicating that the imbalance between immature erythroid precursors and RBCs is because of a combination of cell death and reduced cell differentiation in ␤-thalassemia.
Iron metabolism and regulation
Hepcidin and its regulation
Iron absorption and recycling are regulated by the peptide hormone hepcidin, the main regulator of body iron flows. Hepcidin exerts its function by binding to the only known iron export protein, ferroportin (FPN-1) , found on all cells involved in iron metabolism; binding FPN-1 results in its internalization, degradation, and cessation of iron export. 44 Regulation of hepcidin is influenced by iron, hypoxia, inflammation, and erythropoiesis, possibly through distinct mechanisms. In the recent past, major advances have been made in understanding the molecular mechanism of hepcidin regulation, and a complete review on the subject can be found elsewhere. 45 In short, bone morphogenic protein (BMP) pathway plays a central role in hepcidin regulation by iron. 46, 47 When BMP6 and hemojuvelin (HJV) interact with BMP receptors type I/II, phosphorylation and activation of the SMAD complex results in increased hepcidin expression 48 (Figure 4 ). In addition, holo-Tf regulates hepcidin expression through TfR2 and HFE. Holo-Tf binds both TfR1 and In normal conditions, erythroblasts generate erythrocytes through a homeostatic balance between proliferation, differentiation, and cell death. In ineffective erythropoiesis, formation of toxic hemichromes leads to apoptosis and cell death of many erythroid precursors, limiting production of erythrocytes. Furthermore, on the basis of several observations (as discussed in the text), we postulate that in ␤-thalassemia erythroid precursors increase cell proliferation concurrently with reduced cell differentiation. This leads to a net increase in the number of erythroid precursors despite higher rates of apoptosis.
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For personal use only. at COLUMBIA UNIV on July 6, 2012. bloodjournal.hematologylibrary.org From TfR2, although it has a stronger affinity for TfR1. In a proposed model, HFE associates with TfR1 under low iron conditions 49 and is displaced when TfR1 binds holo-Tf. 50, 51 As serum iron and holo-Tf concentrations rise, the ratio of TfR2 to TfR1 expression increases. Together, this leads to TfR2/holo-Tf membrane stabilization 52, 53 and induces HFE/TfR2 binding and hepcidin expression. Whether this cascade is mediated by the association of HFE or TfR2 or both with the BMP6/HJV complex or by activation of yet known pathways has not been completely characterized. Thus, both TfR2 and HFE/TfR1 complex function as the main holo-Tf sensors, 52,54,55 enabling fine-tuning of hepcidin regulation, probably potentiating the BMP signaling pathway as the concentration of holo-Tf increases in response to iron status (Figure 4) . Mutations in many of these genes are central to the pathophysiology of hereditary hemochromatoses in which insufficient hepcidin expression is a common feature (reviewed elsewhere 56 ).
Finally, although hepcidin expression is decreased as a consequence of iron deficiency, recent studies in both human subjects (with iron refractory iron deficiency anemia) as well as mice (mask phenotype) show that inappropriately high levels of hepcidin expression cause iron deficiency. Mask mice have microcytic anemia because of iron deficiency caused by decreased iron absorption from high hepcidin levels; positional cloning experiments show a splicing error in TMPRSS6. 57 Similarly, patients with iron refractory iron deficiency anemia have a mutation in TMPRSS6, resulting in hypochromic microcytic anemia and elevated hepcidin concentrations. [58] [59] [60] Additional studies suggest that TMPRSS6 normally acts to down-regulate hepcidin expression by cleaving membrane-bound HJV. 60 This decreases the amount of membranebound HJV and leads to reduced hepcidin expression. 61 
Holo-transferrin, TfR1, and hepcidin regulation
Iron directed to the erythroid compartment is restricted to Tf-bound iron, and its relationship with TfR1 is a well-described ligandreceptor binding and uptake cascade. 62 Tf takes up iron from duodenal enterocytes (when it is absorbed) and from macrophages (when iron is recycled from senescent RBCs). The amount of iron delivered to each erythroid precursor depends on the amount of monoferric-and holo-Tf found in circulation as well as the density of TfR1 on the cell surface. Typically, each erythroid precursor has more than a million TfR1s on its membrane because of its large iron requirement, greater than all other cell types. 63 Regulation of TfR1 expression involves iron regulatory proteins (IRPs) that have a high affinity for iron response elements (IREs) present in the mRNA of TfR1 as well as other iron homeostasis-related genes. 64 Iron uptake starts when holo-Tf binds TfR1. Under normal circumstances, the affinity of TfR1 for holo-Tf is greater than for monoferric-Tf. However, this greater affinity wanes as the iron supply is diminished. 65 Monoferric-Tf is the predominant form of Tf in circulation when Tf saturation is lowered. 66 Each molecule of monoferric-Tf delivers less iron to erythroid precursors than holo-Tf. 65 This enables a greater number of erythroid precursors to receive a smaller portion of the iron pool to offset developing anemia and is consistent with a low mean cellular volume and mean corpuscular Hb (MCH). What controls this apportioning of iron to erythroid precursors is not completely understood, but the relation between decreased Tf concentration and the regulation of hepcidin expression has recently been further elucidated. In hypotransferrinemic (Trf hpx/hpx ) mice, injections of purified human-Tf or serum containing mouse-Tf correct anemia and decrease parenchymal iron overload, providing necessary Tf-iron delivery to the erythron and restoring hepcidin expression. 67 Suppression of erythropoiesis and resolution of the anemia after transfusion with washed RBCs (ie, Tf-depleted blood) into Trf hpx/hpx mice also results in increased hepcidin expression. Furthermore, hepcidin expression increases in myeloablated Trf hpx/hpx mice receiving concurrent administration of human-Tf or mouse serum containingTf. These observations suggest that (1) hepcidin suppression in Trf hpx/hpx mice results from Tf-restricted erythropoiesis and (2) Tf can stimulate hepcidin in an erythropoiesis-independent manner. 67 
Erythroid iron intake and the crosstalk between erythropoiesis and iron metabolism Coordination of erythroid iron homeostasis, heme metabolism, and globin synthesis
Because of the elevated rate of Hb synthesis in erythroid cells and of the toxic nature of free heme, erythroid progenitors must efficiently regulate iron uptake and coordinate the production of all Hb components. Analysis of nonerythroid cells suggests that this is accomplished through the IRP/IRE system; depending on the localization of the IRE, association with an IRP serves 2 distinct functions. Binding to IREs located in the 5Ј-untranslated region (UTR) of mRNAs blocks initiation of translation by interfering with ribosome assembly, whereas association with IREs at the 3Ј-UTR stabilizes the mRNA. IREs in the 5Ј-UTR are seen in mRNAs coding FPN-1, ferritin (an iron storage protein), and aminolevulinic acid synthase 2 (an enzyme that catalyzes the first step of heme biosynthesis), all involved in decreasing the amount of labile cellular iron, whereas IREs in the 3Ј-UTR are present in mRNAs coding TfR1 ( Figure 5 ) and divalent metal transporter 1 (DMT-1) involved in increasing cytosolic iron. With the use of erythroid cells (primary cells or cell lines) it has been shown that regulation of IRP2, the main IRP in these cells, 68,69 is less For personal use only. at COLUMBIA UNIV on July 6, 2012. bloodjournal.hematologylibrary.org From dependent on iron than on EPO by the JAK2/STAT5 pathway. 70 Synthesis of ferritin and aminolevulinic acid synthase 2 is also less responsive to iron levels. 71 Moreover, DMT-1 and FPN-1 are mostly synthesized from mRNA sequences that do not contain IREs. 72, 73 However, the function of FPN-1, as well as FLVCR, a heme exporter, 74 in erythropoiesis, is still incompletely characterized and understood, although they may serve to protect erythroid precursors from a deleterious excess of iron and heme. Finally, the second protein that binds holo-Tf, TfR2, is expressed in erythroid cells in a complex with EPOR 75 and may represent an important player at the interface between iron and erythropoiesis ( Figure 5 ). However, whether the association between TfR2 and EPOR modulates the synthesis of IRP2 and other iron-related genes or influences iron uptake in the erythron is incompletely understood.
Proposed secreted "erythroid factor(s)" repress hepcidin expression
Prior experiments have shown that phlebotomy, EPO administration, and hemolysis result in decreased hepcidin expression. [76] [77] [78] Ablation of erythropoiesis prevents hepcidin suppression in these conditions; this effect is independent of anemia or liver iron stores. 77, 79 These studies further show that demand of erythropoietic iron influences hepcidin expression to a greater degree than anemia or nonhematopoietic iron stores.
Several studies have shown that hepcidin expression is disproportionally low relative to the degree of iron overload in ␤-thalassemia 40, 41, 80 and indicate that the proposed erythroid factor suppresses hepcidin synthesis. 81 Furthermore, the "erythroid regulator" is probably a factor secreted either from immature and proliferating or dying erythroid precursors. If this factor is secreted by immature erythroid precursors, it would be present in all conditions in which erythroid precursor expansion occurs 79, 82 (eg, after recovery from phlebotomy and transient anemia in blood donors). Twisted gastrulation-1 (TWSG1) has been isolated from immature erythroid precursors in ␤-thalassemic mice. 83 As a small secreted cysteine-rich protein able to influence BMPs signaling, 84 the expression of TWSG1 is increased in ␤-thalassemic mice and represses hepcidin in vitro. 83 However, whether this factor is present in other conditions and how efficiently TWSG1 represses hepcidin in physiologic conditions is still unclear.
If the proposed erythroid factor is secreted by dying erythroid precursors, it would be present only in conditions in which large numbers of erythroid precursors undergo apoptosis. Growth differentiation factor-15 (GDF15) has been isolated from the sera of patients with ␤-thalassemia and other persons exhibiting features of IE, such as myelodysplastic syndromes and congenital dyserythropoietic anemia type I and II, and an inverse correlation with hepcidin levels has been shown. [85] [86] [87] GDF15 is a member of the TGF-␤ superfamily of proteins that are known to control cell proliferation, differentiation, and apoptosis in numerous cell types. However, it is possible that in conditions such as ␤-thalassemia, multiple erythroid factors suppress hepcidin expression. 88, 89 The mechanisms of action of GDF15 and TWSG1 in repressing hepcidin expression remain Figure 5 . Model of regulation of erythroid iron intake, cell proliferation, and differentiation. Recent findings indicate that iron-related proteins, previously characterized in the liver, are expressed in erythroid precursors. Although their function is largely uncharacterized in these cells, here we speculate on their potential function. In normal conditions, HFE has the potential to influence TfR1-mediated iron intake, whereas TfR2, binding EPOR, may modulate erythropoiesis, iron metabolism, or both. Under conditions of low iron intake, TfR1 mRNA is stabilized by IRP2 and iron intake increases. Under conditions of high Tf saturation, erythroid iron intake is probably modulated by loss of IRP2 activity, limiting TfR1 synthesis. FPN may export iron to avoid iron toxicity or to further control cellular iron content in normal or other uncharacterized altered physiologic conditions. Furthermore, excess of intracellular heme, potentially toxic, may be prevented by the heme exporter FLVCR (feline leukemia virus C receptor), both under conditions of normal and abnormal erythroid iron intake.
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Novel potential therapeutic options and what they show about erythroid regulation of hepcidin
Transferrin reverses ineffective erythropoiesis in ␤-thalassemic mice Tf is the main serum iron transporter in all vertebrates; it takes up iron from duodenal enterocytes where iron is absorbed and from macrophages when iron is recycled from senescent RBCs and delivers it to cells by binding TfR1. We hypothesized that insufficient hepcidin secretion and maldistribution of iron in ␤-thalassemia may result from inadequate circulating Tf to deliver iron for erythropoiesis. This hypothesis is informed by preliminary experiments in Hbb th1/th1 mice that show low non-heme iron in the BM relative to control mice. 42 High-dose iron dextran in these mice results in a dose-dependent increase in extramedullary erythropoiesis. 39 This increased number of erythroid precursors in the liver and spleen results in more RBCs and more Hb but no improvement in IE. 39 Exogenous iron does not trigger a medullary erythroid response and suggests that increased Tf concentration may be necessary to delivery sufficient iron to accommodate the degree of erythoid expansion observed in ␤-thalassemia without, however, amelioration of the underlined IE and erythroid expansion.
Chronic treatment with apo-Tf injections in Hbb th1/th mice results in increased Hb production, decreased reticulocytosis and serum EPO levels, reversal of splenomegaly, and elevated hepcidin expression. 90 Apo-Tf injections reduce hemichrome formation ( Figure 1B) and also change the proportion of erythroid precursors to more mature relative to immature precursors, lower the rates of apoptosis in mature erythroid precursors, and reduce the amount of extramedullary erythropoiesis in the liver and spleen in Hbb th1/th1 mice. These findings imply that exogenous apo-Tf restores more normal (less ineffective) erythropoiesis. How additional apo-Tf is able to improve erythropoiesis in Hbb th1/th1 mice is incompletely understood. Although the Hb concentration and the number of RBCs increase after apo-Tf injections, RBCs are smaller and contain less Hb. Similar phenotype-decreased mean cellular volume and MCH with normal Hb values because of increased number of RBCs is observed in TfR ϩ/Ϫ mice 91 and is reminiscent of iron-deficient erythropoiesis in persons treated with recombinant EPO. 92 This "functional iron deficiency," a term used to describe states of iron-restricted erythropoiesis induced by exogenous EPO, suggests that iron supply is sufficient or insufficient to meet the demands of erythropoiesis, depending on the number of erythroid precursors and may also apply to states of IE with expanded erythropoiesis and elevated endogenous EPO. 93 In addition, iron restriction in erythroid precursors may be a compensatory mechanism in conditions with IE such as ␤-thalassemia in which a reduced cellular iron results in decreased heme synthesis and fewer hemichromes. We propose that expanded erythropoiesis observed in ␤-thalassemia is limited by the lack of compensatory increase in Tf concentration. In our experiments, the addition of exogenous apo-Tf results in decreased Tf saturation and probably a shift toward more monoferric-Tf molecules with more Tf molecules available to deliver smaller amounts of iron to more erythroid precursors, resulting in further decreased MCH and fewer hemichromes.
The observed response to Tf treatment of Hbb th1/th1 and Trf hpx/hpx mice further suggests that IE and Tf-restricted erythropoiesis share many common characteristics. The finding of protoporphyrin in RBCs of patients with ␤-thalassemia, in whom Tf saturation is an ample 40%, provides evidence that this is the case. 94 In fact, older literature estimated that the daily iron requirement in ␤-thalassemia may be as high as 150 mg, values that could make iron demand by the expanded erythron greater than its available supply 95 and possibly trigger hepcidin suppression to stimulate an increase in iron absorption.
Hepcidin agonists or activators of hepcidin expression prevent iron overload and improve erythropoiesis in ␤-thalassemic mice
On the basis of previous observations, it is possible that in patients with ␤-thalassemia more iron is absorbed than required for erythropoiesis. Thus, decreasing dietary iron intake or hepcidin administration might prevent iron overload. In fact, Hbb th3/ϩ mice (another model of TI) avoid iron overload when placed on a low-iron diet or are engineered to overexpress a moderate level of hepcidin. 43 Reversal of iron overload results in reduced erythroid iron intake, limiting the synthesis of heme and the formation of hemichromes and ROSs ( Figure 1B) . 43 Because hemichromes and ROSs cause IE in ␤-thalassemia, iron restriction and decreased erythroid iron intake results in more effective erythropoiesis, normalizes RBC structure and lifespan, increases circulating Hb, and reverses splenomegaly. 43, 96 Thus, the use of hepcidin agonists or drugs that increase hepcidin expression decreases iron uptake from the diet, 43 reduces iron overload, and improves erythropoiesis in TI.
In TM, repeated blood transfusions are the principal cause of iron overload. Despite iron overload, hepcidin concentrations are low; transfusion also suppresses endogenous erythropoiesis and, as a consequence, results in a transient increase in hepcidin. 40, 97, 98 Although intestinal iron absorption contributes part of the total iron load in these patients, hepcidin therapy may be effective in conjunction with transfusion to prevent intestinal iron uptake when endogenous hepcidin falls.
Jak2 inhibitor improves IE, reverses splenomegaly, and lowers transfusion requirements in ␤-thalassemic mice
In ␤-thalassemia, steady-state EPO production is increased, resulting in a "physiologic" gain of function of JAK2. As mentioned previously, IE in ␤-thalassemic mice is characterized by erythroid expansion, limited differentiation, and premature death of erythroid precursors. 28, 43, 96 The persistent phosphorylation of JAK2 leads to an increased number of surviving erythroid precursors in this disorder, contributing to the IE. Therefore, suppression of JAK2 activity may modulate IE. On the basis of this hypothesis, we used a JAK2 inhibitor for 10 days in Hbb th3/ϩ mice and demonstrate a reduction in splenomegaly ("nonsurgical splenectomy"). 28 Patients with ␤-thalassemia may undergo splenectomy to reduce their transfusion requirements and to limit iron overload. However, splenectomy appears to predispose patients to thrombotic events. 43, 99, 100 Avoiding the need for splenectomy in patients with ␤-thalassemia may reduce the escalation of the transfusion requirement and may prevent thrombosis in this disorder. 13 We also demonstrate that JAK2 inhibitors in ␤-thalassemic mice decreased the number of cells expressing cell cycle-related genes and partially reversed the IE, ameliorating the ratio between erythroid precursors and enucleated RBCs. 28, 96 Thus, although a complete understanding of how JAK2 inhibitors achieve this effect is unavailable, modulation of cell cycle and differentiation are probably involved.
On the basis of this compelling preclinical data, we speculate that the administration of JAK2 inhibitors to patients with ␤-thalassemia who receive chronic transfusions would reverse splenomegaly, 28 prevent escalating transfusion requirements, and possibly prevent or delay the need for surgical splenectomy. Finally, JAK2 inhibitors may also lead to decreased expression of TfR1 by acting on the JAK2/STAT5/IRP2 axis 30, 70, 89 and therefore also reduce erythroid iron intake and formation of hemichromes, reversing the erythroid pathology observed in ␤-thalassemia.
Conclusion
␤-thalassemia is a compelling model in which to evaluate mechanisms of the crosstalk between erythropoiesis and iron metabolism because it provides evidence of the proposed erythroid regulator of hepcidin. Decreased hepcidin expression in this condition of concurrent IE and iron overload indicates that the erythroid regulator plays a more substantial role in iron metabolism than the "stores regulator."
Preclinical data in ␤-thalassemic mice show that normalizing RBC survival results in less serum EPO that decreases the reticulocyte count, the number of erythroid precursors, and EMH. Thus, it is plausible to expect that the erythroid regulator reflects iron availability relative to the number of erythroid precursors for which iron is apportioned. Despite multiple advances in our understanding of iron regulation over the course of the past decade, the detailed pathophysiologic abnormalities in ␤-thalassemia remain to be clarified.
Recently developed novel methods aimed at reducing iron absorption and mechanisms of modifying iron delivery to the erythron have expanded our understanding of this important area of research. Although promising preclinical results cannot be confused with what is currently available for clinical application, apo-Tf, hepcidin agonists, and JAK2 inhibitors may ultimately lead to better management of iron overload, prevent splenomegaly and thrombosis, and reduce transfusion requirements in patients with ␤-thalassemia ( Figure 6 ). Other developing therapeutic approaches, such as gene therapy, have had recent success. 22 Although further experimentation is necessary to transform these preclinical and early clinical results into more standard therapy, a new era of intervention in ␤-thalassemia appears closer than it has ever been.
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